This paper presents a combined experimental and theoretical study of the hyper-Raman spectrum of pyridine adsorbed onto roughened silver electrodes. The surface enhanced hyperRaman spectra (SEHRS) were measured using a focused cw mode-locked Nd:YAG laser with a peak power density of approximately 10 7 W /cm 2 . Dominant bands in the pyridine spectra are the same (totally symmetric) bands as have been seen in the corresponding Raman (SERS) spectrum, although the relative intensities are different. To interpret these spectra, we present a semiempirical molecular orbital method for determining excitation energies, polarizability derivatives, and hyperpolarizability derivatives that is based on the 1T-electron Pariser-Parr-Pople (PPP) method. An empirical molecular force field is used to derive vibrational information, and the accuracy of the spectra is assessed by comparison with normal Raman spectra for liquid pyridine and with SERS spectra. The resulting SEHRS spectra are in good agreement with the measured spectra, particularly with respect to the intensity changes in the dominant lines in going from SERS to SEHRS. In addition, the theoretical/experimental comparisons indicate that SEHRS is more sensitive to adsorbate orientation than is SERS since the nontotally symmetric modes are predicted to be comparable in SEHRS (but not SERS) intensity to the totally symmetric modes for orientations other than perpendicular. Most important, a comparison of theoretical and experimental SEHRS/SERS ratios suggests that the enhancement factor associated with SEHRS is on the order of 10\3 which is much larger than the 10 6 enhancement seen for SERS.
I. INTRODUCTION
Hyper-Raman scattering (HRS) is a nonlinear optical process in which the emitted frequency w is Raman shifted relative to the second harmonic of the incident frequency Wo' 1,2 The difference 2wo -w therefore corresponds to energy absorbed by the molecule causing the scattering. In the case of vibrational HRS, the intensity of this scattering is proportional to the square of the molecular hyperpolarizability derivative with respect to the vibrational normal coordinates. 3 Although the first observation of HRS was made by Terhune et a/. 4 over 20 years ago, HRS has only occasionally been used in chemical applications 1,5-7 because of the extremely low intensities observed even under relatively extreme conditions. [The ratio ofHRS to normal Raman scattering (NRS) intensities is typically 10-5 for a laser field of 1011 W cm-
.]
Since the discovery8.9 and developmene o of surface enhanced Raman scattering (SERS), the idea of using surface enhancement to facilitate hyper-Raman measurements has been appealing, but to date, besides some interesting surface enhanced resonance hyper-Raman experiments by Baranov and co-workers on dye samples adsorbed onto silver colloids, II only one report of nonresonant surface enhanced hyper-Raman scattering (SEHRS) has been presented. 12 This measurement was for S02 on a Ag powder; however, the signal was relatively weak and decayed rapidly with time (but to a constant level). This was apparently caused by irreversible morphological changes in the sample induced by the high intensity laser pulses used in the experiment. No estimate of a surface enhancement factor was presented.
Recent progress in both surface spectroscopy and laser technology have greatly advanced our ability to measure SEHRS spectra. In this paper we present the first results of SEHRS measurements on pyridine adsorbed onto roughened silver electrodes, along with a theoretical analysis of the spectra which provides both a detailed interpretation of the vibrational band intensities and an estimate of the SEHRS enhancement factor. We choose pyridine for this series of measurements because its SERS and NRS spectra have been extensively studied in the past,8-1O and the SERS enhancement factor is known. Also, since reasonable valence force fields are available and electronic structure calculations are possible, a detailed theoretical analysis can be performed. In addition, our SEHRS intensities are strong enough to make interpretation of the spectra straightforward. In contrast to the earlier S02 measurements, 12 laser degradation of the adsorbed pyridine is not a significant factor in our experiments.
Our theoretical analysis uses a new method for determining hyper-Raman intensities and related spectral information based on the semiempirical1T-electron model HamiltonianofPariser, Parr, and Pople (PPP) . \3 Although PPP is less rigorous than the various ab initio techniques available for determining linear and nonlinear response, we feel it is adequate for chemical systems whose optical response is dominated by contributions from the 1T-electron structure, e.g., pyridine. Recently, PPP has successfully predicted the hyperpolarizabilities in very good agreement with experi- Golab et al.: Hyper-Raman study of pyridine silver 7943 ment for a wide variety oflarge conjugated molecules. 14 Furthermore, PPP is computationally practical for pyridine and many of the ab initio methods are not. In addition, the simple electronic picture provided by PPP enables us to interpret the spectral intensities very simply, and as a result the influence of the surface on the spectra is easily understood.
Perhaps the most important use of our PPP calculations will be to estimate the ratio of hyper-Raman to Raman intensities for pyridine in the absence of the surface. This ratio is not available experimentally for either liquid or gas phase pyridine but by combining our theoretical estimate with experimental values for the SEHRS/SERS ratio and the SERS enhancement factor, we are able to estimate the SEHRS enhancement factor, and the value turns out to be both interesting and surprising.
To summarize the rest of this paper, in Sec. II we discuss details of the experimental measurements, while in Sec. III we present the theoretical method. Section IV contains both the experimental and theoretical results while Sec. V summarizes our conclusions.
II. EXPERIMENTAL SEHRS MEASUREMENTS
Pyridine (Aldrich, gold label) and KCI (Mallinckrodt) were used as received. Water is obtained from a Millipore water filtration system. All solutions were 0.05 M pyridine with 0.1 M KCl supporting electrolyte.
The spectroelectrochemical cell is a standard three electrode design consisting of a cylindrical Ag working electrode, an SCE reference, and a Pt wire auxillary electrode. Potential control is provided by a potentiostat built in-house. The working electrode is composed of a polycrystalline Ag rod 0.5 in. long and 0.25 in. diameter bolted to a 0.25 in. diameter Al rod 4.0 in. long. The Al rod is covered with Teflon heat shrinkable tubing and all other non-Ag surfaces are masked with Torr Seal (Varian). This produces an effective working electrode area of O. 7 cm 2 . In order to minimize surface damage due to the high laser fluences required for the SEHRS experiments, the electrode is rotated at 500 rpm during all SERS and SEHRS experiments. Electrical contact to the working electrode is made through a Cu wire dipped in a pool of Hg in a recess at the end of the Al rod.
SERS and especially SEHRS are most easily observed if the Ag working electrode surface is properly roughened. To optimize the roughening, careful control of the amount of charge passed during the Ag anodization is necessary because large background and reduced signal intensity result when the electrode is excessively roughened. Ideally, in order to accurately control the charge passed, one should step to a potential region where Ag is oxidized, measure the passed charge, and then step back immediately to a nonfaradaic potential region. Due to the large working electrode area used in these experiments, this double potential step procedure could not be implemented since potential control could be lost during passage of large currents. Instead, a single oxidation-reduction cycle is performed. This cycle consists of an anodic potential scan from -0.6 V vs SCE at 5 m V Is to + 0.09 V immediately followed by a cathodic scan from + 0.09 to -0.6 V also at 5 mV Is. One cycle generally produces a good Raman signal with a moderate background. The amount of charge passed correspends to approximately 25 mC/cm 2 as measured by determining the area under the current vs voltage curves.
Excitation for the SERS spectra is provided by the doubled output (532 nm) of an actively mode-locked Spectra Physics series 3000 Nd:Yag laser. The 532 nm and 1.06pm output consists of 60 and 80 ps pulses, respectively, with a repetition rate of 82 MHz.
In a typical experiment the solution is degassed with N2 for 30 min. While spinning at 500 rpm in the pyridine solution and while illuminated with 25 m W of 532 nm focused to a line approximately 100 pm wide and 3 mm long with a cylindrical lens, the electrode is subjected to oxidation-reduction cycles. Without laser illumination during the anodization step much weaker SERS and SEHRS spectra result.
Raman scattering is recorded usingp-polarized 25 mW of532 nm in the case ofSERS and 4.0 W ofp-polarized 1.06 pm for SEHRS (although in the case of roughened surfaces the incident polarization is not important). Both beams are incident at 45· with respect to the surface normal, and scattered light is collected at O· with F 1 optics, passed through a polarization scrambler and focused onto the slits of a JobinYvon scanning double monochromator equipped with a cooled RCA C31034A PMT, standard photon counting electronics, and a Nova 2 computer based data acquisition system.
III. THEORY
For Raman and hyper-Raman scattering using a single incident laser field of intensity 1 0 , we use the following expressions for the scattering intensities ,s ,'6:
(1) (2) In these equations, CiJ is the scattered frequency, c is the speed of light, aij is a component of the Raman scattering tensor and {3 ijk is a component of the hyper-Raman tensor, Note (5) is the transition dipole matrix element along the ith axis between the molecular electronic states 'I' n and 'I'm. liJ nm is the electronic excitation frequency given by the difference in energy between 'I' n and 'I'm' i.e.,
and the subscript g in Eqs. (3) and (4) denotes the ground electronic state. The vibrational state dependence of a and f3 has been suppressed in these equations. In Eq. (4), the quantityar.. is used to denote the difference of the dipole moment between the nth and ground states, i.e.,
Several ab initio techniques such as coupled HartreeFock,19 derivative Hartree-Fock,20 time-dependent Hartree-Fock,21.22 multiconfigurational linear response,23 and configuration interaction (CI) based methods 24 exist in the literature for calculating both aij and f3 ijk' These methods are computationally intensive and require large basis sets to properly describe both the ground and excited electronic states adequately. Although quite successful, they are usually applied only to atoms and small molecules. Such rigorous theoretical approaches are therefore not amenable for application to conjugated systems such as pyridine. As a result, we have used a semiempirical1T-electron model Hamiltonian to calculate the quantities needed for determining aij and
f3ijk'
The molecular orbital theory of 1T electrons has been very successful in explaining many properties of organic molecules. For example, the simplest 1T-electron Hiickel model has been used by Hameka to determine nonlinear response. 25 More recently, the 1T-electron model Hamiltonian introduced by Pariser, Parr, and Pople\3 has been employed by Li, Marks, and Ratner to study the nonlinear optical characteristics of relatively complex organic molecules. 14 The results they obtain are in excellent agreement over a wide range of experimental values and show little sensitivity to sensible changes in the semiempirical parameters.
The PPP model simplifies the many electron Hamiltonian by considering only the 1T electrons which are assumed to move in an effective field due to the u-bonded framework. The molecular orbitals are taken to be orthonormal linear combinations of atomic orbitals using 2P1T carbon orbitals on the several nuclei. The PPP Hamiltonian can be written 26 (4)
where a/ creates a 1T electron in p1T orbital on atom p and n p ( = a p + a p ) is the number operator. The empirical parameter hpq represents all the one-electron terms (such as nuclear attraction and kinetic energy) and is zero for nonneighboring atoms. The assumption of zero differential overlap also restricts the two electron terms V pq to be either one-or twocenter Coulomb repulsion integrals. These integrals are obtained according to Mataga and Nishimoto,27
where Rpq is the distance between atoms p and q. The constant b pq is given by
Vpp + Vqq where V pp is the difference between the valence state ionization potential and electron affinity of atom p. With these approximations, the Roothaan equations 28 are solved iteratively until self-consistency is reached. In order to determine the excited state wave functions and excitation energies needed in Eqs. (3) and (4), a configuration interaction calculation is performed using the molecular orbitals obtained from the PPP calculation. This CI includes all single excitations from the self-consistent PPP ground state occupied orbitals into the unoccupied set. This restriction on the configurations included in the CI limits the sums over excited states in Eqs. (3) and (4) and is called monoexcited CI or the Tamm-Dancoff approximation. 23 . 26 ,29 The transition matrix elements [Eq. (5)] can be expressed as a sum of one-electron integrals over molecular orbitals once the CI equations are solved. 18 These dipole integrals can then be straightforwardly evaluated using the PPP molecular orbital coefficients and the suggestion of Pariser for matrix elements over atomic orbitals, 30 (11) where R is the geometric coordinate for atom p.
The vibrational state dependence of aij and f3 ijk can be included by making the standard small displacement approximation 31 : (12) 7945 (13) where Q/ is the normal coordinate 32 and v/ is the frequency (in cm -I) associated with the I th mode of the molecule. [In deriving Eqs. ( 12) and (13), we have ignored the rotational structure of the vibrational transitions and have treated them as pure vibrational transitions within the harmonic oscillator approximation.] For a given Q/, these derivatives may be calculated using the PPP method by simple finite difference relative to the equilibrium structure. The vibrational coordinate dependence of the PPP results enters from Eqs. (9) and (11), and although this is clearly a crude approximation, our results suggest that this describes the most important coordinate induced changes in the electronic structure correctly. PPP is not accurate enough, however, to provide a useful set of normal coordinates, so we have chosen to generate these by another method. Although one could use quantum chemistry codes to generate force fields from which normal coordinates could be derived, we find that the force fields generated in this way are not accurate enough (using small basis sets) to be useful because the relative intensities of dominant lines are often seriously in error. Fortunately, for pyridine there exist reasonably accurate empirically derived generalized valence force fields,33.34 so we have used these to define normal coordinates.
The specific set of force constants that we use were determined by Hammond et al. (see Table 1 ).33 These con-
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-0.816 793 C,-C 2 -C 3 a 3 = as 0.836720 C 2 -C 3 -C. Table II ). In order to calculate the scattering intensities for randomly oriented molecules, an average over all possible orientations of the molecular axes with respect to the laboratory axes must be computed. 2, 3, [7] [8] [9] This can be done by transforming the molecule-fixed tensor components to space-fixed components using the direction cosines that relate the two frames. The non vanishing averaged products were first tabulated for the nonlinear case by Cyvin et al. who assumed full index symmetry of {3 ijk and derived the selection rules for linear and nonlinear scattering.
5 Later, Christie et al. pointed out that {3 ijk has only j and k symmetry in general and gave the appropriate selection rules. 6 For Raman scattering the resulting intensity for the bulk is 
where (15) and r is the anisotropy. Similarly, the bulk hyper-Raman scattering intensity is To determine the surface intensities we assume that pyridine adopts a fixed orientation on the surface, i.e., perpendicular with the N atom down, and that all electromagnetic fields are also perpendicular to the surface. This assumption has been made before in theoretical models of surface enhanced Raman scattering. 37 As a result, for surface intensities, the expressions in the braces in Eqs. (14) and (16) reduce to only a;y (w,Q) and {3 ;yy (w,Q), respectively, where y is the direction perpendicular to the surface.
IV. RESULTS

A. Experimental
Figure 1 presents the SERS [ Fig. 1 (a) ] and SEHRS [ Fig. 1 (b) ] spectra of pyridine obtained under the conditions described in Sec. II. The SERS spectrum is essentially identical to that obtained in the past,9.I0,38 and corresponds in intensity to a SERS enhancement factor of _10 6 • The SEHRS spectrum is much less intense than the SERS spectrum, but the dominant peaks are largely the same. The ratio ofSEHRS/SERS intensities is approximate- ly 4.6X 10-4 for a laser power of 10 7 W/cm 2 (10 3 W peak power irradiating a 100 pm diameter spot) as may be derived from the observed intensity ratio for the 1008 cm -I peak (Fig. I ) of 1150/15 600 Hz after correcting for the 25/4000 m W ratio of incident laser intensities. The 1008 cm -I peak is chosen to determine the SEHRS/SERS ratio because of its stability with respect to changes in experimental parameters. 10 Also, since it is the most intense Raman band, a more conservative estimate of the SEHRS enhancement factor will result than if some other band were chosen. (The other peaks give ratios which differ at most by a factor of 3.)
Note that the relative band intensities in Fig. 1 are different in the two spectra, with the 1592 cm -I band most intense in SEHRS (even after subtracting the rising background) and 1008 cm -I most intense in SERS. Also some of the less intense peaks in the SERS spectra are even weaker in SEHRS.
When considering the nature of the photon/adsorbate/ surface interactions responsible for the origin of the spectrum shown in Fig. 1 (b) , the question naturally arises-how is one certain this spectrum is a surface enhanced two-photon Raman process (SEHRS) rather than a two step process involving surface enhanced second harmonic generation followed by one photon enhanced Raman scattering (SSHG/SERS). Four separate tests for distinguishing a SEHRS process from a SSHG/SERS process have been carried out. The first three tests have been carried out on the subject system of this paper (viz., nonresonant SEHRS of pyridine adsorbed on electrochemically roughened silver), whereas the fourth test has been carried out on rhodamine 6G (R6G) adsorbed on CaF2 roughened vacuum evaporated silver thin films. These tests indicate that:
( 1) The distribution of intensities in Fig. I (b) is dramatically different from that in Fig. I (a) which would not be the case for SSHG/SERS. (2) From angle resolved studies ofSSHG on Ag, it is known that on roughened surfaces, such as those used in the experiment shown in Fig. 1 (b) , the diffuse SHG component dominates the specular SHG component. 38 The diffuse component of the SHG signal in our experiments which was generated by focusing the 4.00 W, 1064 nm beam ofthe cw, mode-locked Nd:YAG laser to a 100 pm diameter spot at -35° angle of incidence was measured to be < 1 nW. 39 SSHG of this intensity could only have generated at maximum -1 count every 1000 s of SERS at 1008 cm -I. Thus, while SSHG/SERS is a possible generation mechanism for the data in Fig. 1 (b) , it is unlikely to contribute more than 0.00001 % of the total detected signal.
(3) The potential dependence of the intensity of the 1008 cm -I line in electrochemical SEHRS is very different from that of SSHG for pyridine adsorbed on silver.39 ( 4) The SERHR spectrum of R6G adsorbed on Agi CaF2/g1ass surfaces has been studied and found to exhibit four intense, infrared active vibrational bands located at 1022, 1506, 1530, and 1606 cm -I that are not present in the one-photon SERRS spectrum ofR6G on the same surface. 39 
B. Calculated spectra and other properties
The PPP calculations were performed using the standard parameters found in the literature. 13.14 All single excitations from the PPP occupied orbitals into the unoccupied orbitals were included in the CI calculations for a total of nine singlet states. Table III lists the parameters used in all the PPP runs and the lowest four excitation energies obtained from the PPP-CI at the equilibrium geometry. 40 We also report the corresponding oscillator strengths calculated from the equilibrium CI states. In Table IV we report the PPP value for the equilibrium dipole moment and the static equilibrium values for a ij and P ijk parallel (a xx' P xxx) and perpendicular (a yy ' Pyyy) to the surface. In addition, we also list the derivatives of the dipole moment, polarizability, and hyperpolarizability perpendicular to the surface for each spectrally active normal mode. Notice that for all the B2 modes the derivatives vanish because of symmetry. We consider the agreement with experiment 41 -43 in both Tables III and IV to be adequate for our purposes. Figure 2 (b) shows that the dominant band in the calculated IR spectrum is the AI symmetry band at 1593 cm -I (see frequencies in Table II) . A nearby B2 symmetry band at 1592 cm -I is also intense, and other pairs of A I and B2 symmetry bands are also seen (such as at 1436 and 1483, and at 1212 and 1230 cm -I ). The experimental IR [ Fig.  2(c) ] spectrum shows many of these same trends, but cer- dOrientation angle = 90". Note that the y axis is perpendicular to the surface. Units for results are in parentheses.
"Incident frequency = 2.34 eV. The equilibrium value for ayy(w) at this frequency is 9.22 A3. fIncident frequency = 1.17 eV. The equilibrium value for Pyyy(w) at this frequency is -0.235 X 1010 A '/e.s.u. tain B2 symmetry bands (at 1230 and 1053 cm -\) are not as intense as we have calculated while some calculated peaks (at 650, 996, 1073, and 1157 cm -\) are not as intense as we have measured. In addition, three bands are not described at all by our model. These are the 720 and 770 cm -\ peaks in Fig. 2 (c) which are due to out-of-plane bending modes that cannot be described by PPP, and the sharp peak at 1594 cm -\ which arises from a combination band (603 + 991) 36
that cannot be described with a harmonic force field. Since neither out of plane modes nor combination bands are significant in the Raman or hyper-Raman spectra, their omission in our model does not have serious consequences. Figure 3 (a) indicates that the calculated NRS spectrum is quite different from IR [ Fig. 2(b) ], with the 996 cm-\ totally symmetric ring breathing mode being fairly dominant, and most of the strong IR modes being relatively weak. The experimental spectrum [ Fig. 3(b) ] agrees with theory except for the peaks at 602 and 650 cm -\, which are strong in the calculation but weak in the measurement. In the calculatedhyper-Raman spectrum [ Fig. 4(a) ], we note that most of the IR active modes reappear and the 602, 650, and 996 cm -\ peaks are reasonably weak. Nearby A\> B2 pairs do show different intensity ratios in HRS compared to IR and in most cases the B2 is more favored in HRS compared to A \ than it is in the IR spectrum. [Compare, for example, the 1212 (A \), 1230 (B 2 ) pair, which shows an intensity reversal between Figs. 2(b) and 4(a) .] same, the B2 symmetry bands are not present in the surface IR spectrum (symmetry forbidden). Comparison of the Raman spectra in Fig. 3 shows that like the surface IR spectrum, the Raman B2 symmetry bands are forbidden by symmetry on the surface, but unlike IR, they are also weak off the surface. As a result, the solution and surface Raman spectra look very much alike above 700 cm -I in both the calculated [Figs. 3(a) The effect of perpendicular geometry is much more important for the calculated surface hyper-Raman spectrum [ Fig. 4(b) ], which is dramatically different from its solution counterpart [ Fig. 4(a) ]. In fact, not only have all the B2 symmetry modes disappeared in going from Fig. 4 (a) to Fig. 4(b) , but also the relative intensities of the AI symmetry modes have shifted, with the 996 cm -1 band being the most intense on the surface, the 1593 cm -1 band also being quite intense, and the 602 cm -1 band being greatly weakened. Comparison of Figs. 3 ( c) and 4 (b) indicates thatthe bands present in the SERS and SEHRS spectra are the same although the relative intensities are different.
With these points in mind let us now examine the comparison between the theoretical and experimental SERS and SEHRS spectra. Comparing Figs. 3(c) and 4(b) with 3(d) and 4(c), respectively, we note that there is generally good correspondence between theory and experiment in the number of lines, but the relative intensities of the Raman bands above 996 cm-I are consistently low. The shift from the 1008 cm-I band being dominant in SERS to 1592 cm-I band being dominant in SEHRS is clearly seen in the experimental spectra, but this shift is not quite present in the theoretical spectra. However, the 1593 cm -I band is much more intense compared to the 996 cm -I band in Fig. 4 (b) than in Fig. 3 (c) . In addition we note that the experimental SEHRS spectrum [ Fig. 4(c) ] above 700 cm-I has the same number of strong lines as the SERS spectrum [ Fig. 3(d) ], which is Evidently SEHRS is more sensitive to orientation effects than SERS, and the experiments are consistent with our perpendicular orientation assumption. To further investigate the effect of orientation on the SERS and SEHRS spectra, we rotated the pyridine molecule in the xy plane 15° relative to the surface and calculated the spectra shown in Figs. 5(a) and 5(b), respectively. We first note that for the 15° tilt, the B2 symmetry modes are no longer forbidden by symmetry. However, the Raman spectra [Figs. 3(c) and 5(a)] are similar, the most noticeable difference being that the A I symmetry bands at 602 and 1593 cm -I lose intensity while the B2 symmetry bands at 650 and 1592 cm -I gain intensity, as does the 996 cm -I Raman band. On the other hand, the hyper-Raman spectra [Figs. 4(b) and 5(b)] are very different. The previously forbidden B2 symmetry modes become active and as in the solution hyper-Raman spectrum [ Fig. 4(a) ] the 1230 band (B 2 symmetry) becomes dominant. [In fact, for such a small change in orientation, Fig. 5(b) is more like Fig. 4(a) than Fig. 4(b) .] In addition, the 1593 cm -I band loses intensity but not as much as the previously dominant 996 cm -I band comparing Fig. 5(b) to 4(b) . Also, notice the appreciable loss of intensity of the 1483 cm -I band. Hence, because of the similarity of the surface Raman spectra [Figs. 3 (c) and 5(a)] and the dissimilarity of the surface hyper-Raman spectra [Figs. 4(b) and 5 (b)] when the pyridine molecule is tilted 15° from perpendicular to the surface, we can safely say that SEHRS is more sensitive to orientation effects than SERS.
The most important discrepancies between our calculated surface spectra and experiment are in the anomalously large surface Raman intensity in the theoretical spectra at 602 cm -I, the consistently low surface Raman intensities beyond 996 cm,l [ Fig. 3(c) ], and the presence of more lines near 620 cm -I in the spectra in Fig. 1 than in Figs. 3 (c) and 4(b). The fact that Fig. 1 shows three peaks near 620 cm-I in the SERS spectrum suggests that complications not contained in our theoretical model (such as combination bands or multiple adsorption sites) must be present as there are only two frequencies in the bulk pyridine spectrum in that region (see Table II ).
C. SEHRS enhancement factor
Let us now combine our theoretical and experimental results to evaluate the surface enhancement factor associated with SEHRS. This enhancement factor can be related to the known SERS enhancement factor and to ratios of hyperRaman to Raman intensities in the bulk and on the surface by the following identity:
The first term on the right-hand side is just the well known SERS enhancement factor, which we take to be 10 6 • The second term is the ratio of surface hyper-Raman to surface Raman intensities. Our analysis of Sec. IV A indicated that the value of this ratio is 4.6 X for a laser power of 10 7 W /cm 2 • The third term is the corresponding bulk ratio, which is not known from experiment, but which may be estimated from our calculations. In particular, comparing the intensity of the solution hyper-Raman band at 996 cm I A5/e.s.u.) to the intensity of the solution Raman band at 996 cm I ( (at (w,Q» ] 1/2 = 4.98 X \3 A3), at a laser power of 10 7 W /cm 2 , the from Eqs. (14) and (16) 
V.SUMMARY
Our initial results for both experiment and theory are both encouraging and exciting. The measured SEHRS spectra are intense enough to enable a detailed theoretical analysis, and the conditions under which the spectra are taken are gentle enough that measurements should be possible for a wide variety of molecules. On the theoretical side, the calculated bulk, surface Raman and hyper-Raman spectra are in good enough agreement with experiment to enable a detailed analysis of orientation effects, and the theoretical method Golab sf al.: Hyper-Raman study of pyridine silver 7951 used to generate these spectra is simple enough that extension to a wide variety of molecules should be possible.
The comparison between theory and experiment has provided several important results. SEHRS is more sensitive than SERS to adsorbate orientation for pyridine, and the results of our study provide strong evidence that pyridine is perpendicular to the surface. Any other orientation would have caused the number of strong bands in the SERS and SEHRS spectra to be different, which is not what we observe in Fig. 1 . For perpendicular orientations, only the AI symmetry modes are SERS and SEHRS active, and the relative intensities of these modes vary from SERS to SEHRS according to the nature of the vibrational modes. The 1008 cm -I mode which dominates in SERS is a totally symmetric ring breathing mode that is relatively weak in IR, while the 1592 cm -I mode which dominates in SEHRS is also dominant in IR.
Perhaps our most surprising result is that the SEHRS enhancement factor is approximately 1013. This is much larger than the factor of 10 7 which is predicted by electromagnetic theory for rough silver,44 and it stands in contrast to the much better agreement between the electromagnetic and measured SERS enhancement factors (10 4 vs 10 6 ). Evidently nonelectromagnetic contributions to SEHRS are much more significant than they are to SERS. Interestingly, the ratio determined using our calculated results [and not Eq. (18) ] is 16, suggesting that at least a factor of about 10 of the total SEHRS enhancement factor arises from orientation averaging effects. Combining this factor of 10 with the factor of 10 7 from electromagnetic effects, leads us to conclude that chemical effects account for the remaining lOS enhancement factor. This contribution from chemical effects is substantially larger than is seen with SERS (where typical estimates 44 ,4s are about 10 2 ). The strong influence of charge transfer excited states in determining SEHRS intensities l4 may be responsible for this. We are currently pursuing both experimental and theoretical work to test the generality of our conclusions about SEHRS enhancements.
